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ABSTRACT

Regulating gene expression programmes is a central
facet of the DNA damage response. The Dun1 kinase
protein controls expression of many DNA damage in-
duced genes, including the ribonucleotide reductase
genes, which regulate cellular dNTP pools. Using a
combination of gene expression profiling and chro-
matin immunoprecipitation, we demonstrate that in
the absence of DNA damage the yeast Rad4-Rad23
nucleotide excision repair complex binds to the pro-
moters of certain DNA damage response genes in-
cluding DUNT1, inhibiting their expression. UV radia-
tion promotes the loss of occupancy of the Rad4-
Rad23 complex from the regulatory regions of these
genes, enabling their induction and thereby control-
ling the production of dNTPs. We demonstrate that
this regulatory mechanism, which is dependent on
the ubiquitination of Rad4 by the GG-NER E3 ligase,
promotes UV survival in yeast cells. These results
support an unanticipated regulatory mechanism that
integrates ubiquitination of NER DNA repair factors
with the regulation of the transcriptional response
controlling dNTP production and cellular survival af-
ter UV damage.

INTRODUCTION

DNA repair is central to the maintenance of genome in-
tegrity (1). A number of DNA repair mechanisms remove
genetic damage by excising the lesion and replacing these
regions of the DNA using the complementary strand as a
template for repair synthesis. These mechanisms rely upon

the regulated production of the building blocks of DNA,
the deoxyribonucleotide triphosphates [dNTPs] (2,3). The
cell strictly regulates the levels of dNTPs, which involves
the production of dNTPs from NTPs, controlled by the ri-
bonucleotide reductase (RNR). This process replenishes the
dNTP pools following their incorporation into DNA.
Previously, we identified an E3 ubiquitin ligase com-
prised of the SOCS box domain Rad7 protein and RING
domain Radl6 protein. These components of the yeast
global genome nucleotide excision repair [GG-NER] path-
way were found in complex with Elongin C and Cullin 3
forming a novel Cullin-RING-Ligase (CRL) referred to as
the GG-NER E3 ligase (4). Together with transcription
coupled nucleotide excision repair [TC-NER], these two
pathways are responsible for repairing the non-transcribed
and transcribed regions of the genome respectively (5). We
revealed that the GG-NER E3 ligase complex enhanced UV
survival via ubiquitination of the Rad4 protein. Rad4 is
a member of the Rad4-Rad23 heterodimer, the yeast ho-
mologues of human XPC-hHRAD23B, which is the estab-
lished DNA damage recognition factor involved in sensing
damage during NER (6-9). Our results showed that the en-
hanced UV survival associated with the GG-NER E3 ligase
complex was dependent on the UV induced ubiquitination
of Rad4, but not its subsequent degradation (4,10,11). Of
particular importance with regard to the present study is
that the effect of the GG-NER E3 ligase on NER and UV
survival is masked by the presence of Rad23. Moreover, we
demonstrated that the effect of the E3 ligase on DNA re-
pair is dependent on de novo protein synthesis (4). These
findings revealed the presence of two redundant pathways
contributing to DNA repair and UV survival: Pathway I de-
pendent on the Rad23-19S proteasome interaction involv-
ing pre-existing proteins; and Pathway II requiring de novo
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protein synthesis, which is dependent on the UV induced
ubiquitination of Rad4 within the Rad4-Rad23 complex by
the GG-NER E3 ubiquitin ligase (4,12). Our results showed
that inhibition of Pathway II by addition of cycloheximide,
which inhibits translation of mRNA, causes UV sensitivity
and inhibition of NER (4). This suggests that the GG-NER
E3 ubiquitin ligase might regulate a component of the tran-
scriptional response to DNA damage via the ubiquitination
of the Rad4-Rad23 damage sensor.

To investigate this we initially conducted genome-wide
microarray based gene expression profiling on different
combinations of RAD4 and RADZ23 deleted strains, to iden-
tify the genes whose expression is affected by the Rad4—
Rad23 complex in the absence of UV damage. It is known
that all Rad4 exists in a heterodimeric complex of Rad4-
Rad23 (13-15). However, it is also established that the two
single mutants have a variety of pleiotropic phenotypes, in-
cluding differences in UV survival and lesion removal dur-
ing NER (16,17). A Rad4 mutant is much more UV sen-
sitive than a Rad23 mutant for example, and is also com-
pletely defective in NER, rather than the partial defect asso-
ciated with R4 D23 deletion (16,18). Furthermore, Rad23 is
far more abundant in the cell than Rad4, meaning that most
of Rad23 does not exist in a complex with Rad4 (14,19).
Indeed, Rad23 is also reported to be an accessory compo-
nent of the 19S proteasome (15,20-23), and has a range of
functions outside of NER, for example in spindle pole body
duplication (24) and protein shuffling to the proteasome
(23). In order to identify which of these genes are specif-
ically regulated by the GG-NER E3 ligase, we introduced
a GG-NER E3 ligase mutation referred to as psocs, which
specifically fails to ubiquitinate Rad4 in response to UV (4).
This enabled identification of the genes regulated by these
complexes in response to DNA damage.

Our analysis revealed that ubiquitination of Rad4 by the
GG-NER E3 ligase specifically regulates genes involved in
the RNR pathway. In order to examine how Rad4-Rad23
might regulate the expression of these genes, we consid-
ered whether or not they bind directly to their promoters,
since we noted that many of the genes we identified con-
tained common regulatory elements. Chromatin IP showed
that the Rad4-Rad23 complex associates with the promoter
chromatin of some of these genes. Furthermore, in wildtype
cells, UV induced DNA damage results in loss of occupancy
of Rad4-Rad23 from these regulatory regions. This loss of
occupancy is dependent on the ubiquitination of Rad4 by
the GG-NER E3 ligase and is necessary for regulation of
gene expression. This subsequently controls the expression
of DUNI and some of its key downstream targets includ-
ing the RNR pathway genes. This promotes the regulation
of optimal dNTP levels in the cell by controlling the con-
version of NTPs into dNTPs required for DNA repair syn-
thesis (2,3). Finally, we show that the physiological role of
this novel regulatory pathway is to ensure adequate produc-
tion of UV induced dNTPs to enhance cell survival follow-
ing DNA damage. Our results provide insight into a novel
regulatory mechanism showing how NER factors regulate
the transcriptional response that controls the production of
dNTPs following DNA damage.
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MATERIALS AND METHODS
Yeast strains and plasmids

Research Genetics parental strain BY4742,
BY4742rad23 A, BY4742rad4 A and BY4742rad7 A strains
were obtained from Euroscarf. The double mutant
rad23Arad4A was derived from BY4742rad23A by re-
placing RAD4 with a HIS3 marker fragment. Creation of
the Rad7 SOCS box mutation was described previously.
Two point mutations were made, resulting in the amino
acid substitutions L168A and C172A within the conserved
SOCS box domain (4). The RAD23 gene of BY4742rad7 A
was replaced by a URA3 marker fragment to generate
the double mutant rad7Arad23A. The triple mutant
rad7 Arad23Asmll A was derived from rad7Arad23A.
Then pRS314 containing the RAD7 gene and SOCS box
mutated RAD7 were introduced to rad7Arad23Asmll A
respectively to produce the pRAD7Arad23AsmllA
and psocsArad23AsmllA strains. The data sets for the
Rad4/Rad23 arrays can be found at:

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE11871

The data sets for the psocs/rad23 arrays can be found at:

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE23204

In vivo cross-linking and sonication of chromatin extracts

Cells were grown to a density of 2-4 x 107 cells/ml, and 2.8
ml of 37% formaldehyde was added to 100 ml of the culture
medium (containing at least 2 x 10° cells). The mixture was
incubated at room temperature for 20 min with occasional
swirling to allow efficient DNA and protein cross-linking.
The cross-linking reaction was terminated by adding 5.5 ml
of 2.5 M glycine to a final concentration of 0.125 M. Cells
were collected by centrifugation and washed with ice-cold
PBS buffer and ChIP lysis buffer. Cells were resuspended
in 500 w1 of ChIP lysis buffer supplemented with 12.5 .l of
20% sodium dodecyl sulphate (SDS) and 12 ul of 100x pro-
tease inhibitors. After 0.5 ml glass beads were added to this
solution the mixture was vortexed at 4°C for 10—15 min. The
cell lysate was carefully collected by centrifugation. Next,
the cell lysate was sonicated by a Diagenode sonication sys-
tem at the high output rate for 34 min (6-8 x 0.5 min
on/0.5 min off cycle). The sonicated cell lysate was spun
down at 13,200 rpm for 15 min at 4°C. The supernatant
(chromatin extract) was finally transferred to a clean tube
and stored at -80°C until further use.

Chromatin immunoprecipitation (ChIP)

Protein A beads were washed twice with ChIP lysis buffer
and then equilibrated with the same buffer supplemented
with 0.1% BSA and 40 pg/ml single strand salmon sperm
DNA for 3 h at 4°C. Next, 50 ul of chromatin extracts
were added to 500 pl of ChIP binding buffer (i.e. ChIP lysis
buffer supplemented with 0.25% SDS and 1x protease in-
hibitors), after which the solution was incubated with the
equilibrated protein A beads. After removal of the pro-
tein A beads by centrifugation, the chromatin immunopre-
cipitation was carried out by adding 1-5 wul of antibody
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to this cleared solution and incubating at 4°C overnight.
In the following step 20-30 wl of protein A beads slurry
(ChIP lysis buffer washed twice) was added to the solu-
tion and incubated for 2-3 h at 4°C. The protein A beads
were quickly spun and washed successively with ChIP lysis
buffer, ChIP lysis buffer with 500 mM NaCl, LiCl solution
and TE buftfer.

The protein A beads were incubated with 250 .l elu-
tion buffer at room temperature for 10 min. Then, the su-
pernatant was collected by centrifugation. The pellet was
eluted again. The eluates were pooled and incubated at 65°C
overnight to reverse the cross-linking.

Subsequently, the elution was treated with ribonucle-
ase A and proteinase K and the DNA was purified by
phenol/chloroform extraction or PCR purification kit (QI-
AGEN). In order to precipitate the DNA, 100 pg glyco-
gen, 1/10 volume of 3 M sodium acetate (pHS5.2) and 2 vol-
umes of ethanol were added to the solution. The precipi-
tated DNA was resuspended in 50-100 wl TE buffer and
stored at -20°C.

Determination of ANTP and NTP levels from yeast cells

Yeast cultures were grown in SD synthetic minimal medium
(2% dextrose, 0.67% yeast nitrogen base) supplemented
with 770 mg/1 complete supplement mixture lacking histi-
dine (CSM-his, Formedium) at 30°C to a density of 1 x 107
cells/ml and collected by centrifugation at a 3.300 g. The
untreated cells were kept aside while the cells for UV irra-
diation were resuspended in SD without supplement to a
density of 2 x 107 to 3 x 107 cells/ml. This cell suspension
was irradiated in 50 ml aliquots in Pyrex round dishes (135
mm diameter) in a CL-1000 Ultraviolet Crosslinker (UVP)
with 20 J/m? of UV-light (254 nm) at room temperature.
The medium of the irradiated and unirradiated cells was
supplemented by the addition of CSM-his. After treatment
the cells were incubated in a shaker at 30°C for 3 h in the
dark.

A total of 4 x 10° to 1 x 10'° of unirradiated or irradiated
cells were collected by filtration through AAWP nitrocel-
lulose membranes (47 mm, 0.8 pm, Millipore). Nucleotide
extraction and separation of dNTP and NTP on boronate
columns was performed as described in (25). Eluates con-
taining purified dNTPs were adjusted to pH 3.4 with 6 M
HCI, loaded on a Whatman Partisphere SAX 5 pum HPLC
column (250 x 4.6 mm) and isocratically eluted with 0.436
M potassium phosphate buffer (pH 3.35, 2.5% v/v acetoni-
trile). The aliquots for NTP measurement on HPLC were
treated as described for ANTPs. Eluted nucleotides were de-
tected with a Dionex PDA-100 Photodiode Array Detec-
tor based on their absorbance at 254 nm, and quantified
by measuring peak heights using Chromeleon software and
comparing with nucleotide standards.

RESULTS

The Rad4-Rad23 complex negatively regulates gene expres-
sion of a subset of UV responsive genes

We previously showed that ubiquitination of Rad4 by the
GG-NER E3 ligase in response to UV radiation affected
DNA repair and UV survival in a manner dependent on de
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Figure 1. The Rad4-Rad23 NER factor has an effect on gene expres-
sion. (A) Significantly differentially expressed genes in rad4 A, rad23 A and
rad4 Arad23 A cells compared to wildtype cells in the absence of UV irradi-
ation are plotted here. For each strain gene expression is compared to the
wildtype control and plotted as a fold-change. Genes that did not display
changed expression in the mutant backgrounds are in grey and plotted on
the diagonal (y = x). Significantly upregulated genes are depicted in red
while down regulated genes are shown in green. (B) Venn diagram of the
significantly differentially expressed genes shown in panel (A) indicating
the overlap between the changes in gene expression between the three dif-
ferent backgrounds tested.

novo protein synthesis (4). As described in the Introduction,
this and other observations suggested a possible role of the
Rad4-Rad23 complex in the regulation of gene transcrip-
tion in response to DNA damage. Recently, multiple stud-
ies have confirmed a role for specific NER factors including
yeast Rad23 and the human XPC-hHRAD23B complex in
gene transcription (4,26-29). In order to identify genes that
are regulated by the Rad4-Rad23 complex, we studied the
effect on gene transcription using microarray gene expres-
sion analysis.

To identify genes specifically regulated by the Rad4—
Rad23 complex, we compared basal levels of gene expres-
sion between an untreated wildtype and double mutant
strain deleted in both RAD4 and RAD23. We found 90
genes whose expression was altered in the absence of the
Rad4-Rad23 heterodimer (Figure 1, bottom panel). How-
ever, since it was previously reported that the deletion of
RAD23 has a broader effect on gene expression (27,28) and
the additional roles of Rad23 in other cellular functions, we
examined the effect of deleting only RA D23 on gene expres-
sion (Figure 1, middle panel). We noted that loss of Rad23
resulted in altered expression of 44 genes of which only
eleven are in common with the rad4Arad23 A double mu-
tant strain. This indicates that 79 genes have altered expres-
sion specifically due to the loss of both Rad4 and Rad23.
It also confirms a broader effect of Rad23 on gene expres-
sion outside of the Rad4-Rad23 complex (27). Finally, we
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examined gene expression changes in a RA D4 deleted strain
and found only 5 genes whose expression was altered, none
of which are affected in the other strains. Importantly, this
demonstrates that knocking out a major DNA repair path-
way, even in the absence of DNA damage, does not cause
indirect effects on gene transcription. The differential effect
on gene expression we observed in the two single mutants
could indicate that Rad4 and Rad23 affect gene transcrip-
tion by two independent pathways. However, the pleiotropic
effects associated with deletion of RAD23 can also explain
these observations. We cannot formally exclude the possibil-
ity that the effect on gene expression observed in the double
mutant strain is due to the additive effect of two indepen-
dent Rad4 and Rad23 pathways on transcription. However,
since Rad4 and Rad23 always exist in a complex in the cell,
coupled with our observation that only a small overlap in al-
tered gene expression exists between the rad23 A single and
double mutant strains, we consider that the genes identified
in the double mutant predominantly include those caused
by loss of the Rad4—Rad23 complex from the cell.

Our observations are in keeping with the known
pleiotropic effects of rad4 A and rad23 A single mutants. Fol-
lowing cluster analysis of the mutants, we noted that in un-
treated cells gene expression is specifically altered when both
components of the Rad4-Rad23 complex are deleted (Fig-
ure 2A). In the double mutant strain we detect increased
and decreased expression in the clusters (Figure 2A). In-
deed, the genes in cluster 2 display increased expression in
the rad4 Arad23 A double mutant strain compared to either
single mutant in the absence of UV damage (Figure 2A),
suggesting that the Rad4-Rad23 complex causes repression
of these genes in wildtype cells. We noted that 101 of the 205
genes in Figure 2A are UV responsive genes and we plotted
these in Figure 2B. In Figure 2A cluster 2 stands out since
93% of these genes are UV responsive. Comparing the ex-
pression profile with the UV induced profile of these genes
in wildtype cells (Figure 2C) demonstrates that the expres-
sion of these genes in unchallenged rad4Arad23 A double
mutant cells mimics the expression profile of the same set
of genes in UV irradiated wildtype cells. However, it should
be noted that comparing the expression profile with the UV
induced profile in wildtype cells demonstrates that the in-
creased expression observed in rad4 Arad23 A deleted cells in
the absence of DNA damage does not reach the same level
as the UV induced expression in wildtype cells (Figure 2B
and C, compare lane 6 to 8). This suggests that whilst Rad4—
Rad?23 represses gene expression, derepression is necessary,
but not sufficient, for the full level of expression observed
after UV in wildtype cells.

Importantly, many of the genes in cluster 2 contain ei-
ther an STRE (Stress Response Element) or Crt1 regulatory
sequence present in their promoters, as shown in Figure 3
(right panel). Crtl is a transcriptional repressor of a set of
UV induced cell-cycle checkpoint and DNA repair genes,
including the RNR genes that control cellular ANTP syn-
thesis. These genes become activated following derepression
of the Crtl protein, following its phosphorylation by Dunl
in response to DNA damage (30). Therefore, we extracted
the RNR pathway and Crtl-regulated genes from the ac-
quired gene expression data and compiled these into a sin-
gle heat-map, together with other known members of the
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DNA damage checkpoint response, for comparison (Fig-
ure 4). These data are quantified for a selection of these
genes in Figure SA. A great deal is known about DNA dam-
age signalling relating to the activation of this protein ki-
nase cascade (30-32) (see Figure 8). However, little is known
about the regulation of DDR gene expression. Our results
show that increased gene expression of the STRE contain-
ing DUNI gene, the RNR genes and other Crtl-regulated
genes can be detected in a rad4Arad23 A strain in the ab-
sence of UV, while other DNA Damage Checkpoint Re-
sponse genes remain largely unaffected (Figure 4, lane 3).
These observations suggest that in wildtype cells the Rad4—
Rad23 heterodimer represses gene expression of a subset
of STRE containing and Crtl regulated, DNA damage in-
ducible genes in the absence of UV irradiation.

It is noteworthy that the activation of these genes in
rad4Arad23 A deleted cells is not caused indirectly by the
constitutive activation of the DDR pathway in these cells.
It is not possible for this to be the case because functional
NER is required for DDR signalling (33). This is consistent
with our microarray data (Figure 4), which indicates that
the expression of DDR genes is unaffected in the R4 D4 and
RAD23 double mutant strain in the absence of DNA dam-
age. This indicates that the altered gene expression observed
in the double mutant strain involves the genes identified in
the RNR pathway shown in Figure 4.

The GG-NER E3 ligase activity is required for UV-induced
DNA damage gene expression of Rad4-Rad23 regulated
genes

As described earlier, the GG-NER E3 ubiquitin ligase com-
plex functions in one branch of two parallel pathways in-
volved in promoting efficient NER and UV survival. We
showed previously that these two pathways, referred to as
pathways I and 11, have redundant functions, but can be dif-
ferentiated by their dependence on either the Rad23-19S in-
teraction or de novo protein synthesis, respectively (4). Con-
sequently, in order to observe the effect of the E3 ligase de-
pendent pathway IT in NER and UV survival, it is necessary
to delete the RA D23 gene, which functions in pathway I and
masks the role of the ligase in pathway II (see Figure 8 for
further details) (4). As described previously, we mutated the
GG-NER E3 ligase component Rad7 in its SOCS-box do-
main in a rad23 A background (4). We next performed mi-
croarray gene expression analysis of the UV treated wild-
type (pRAD7) and double mutant strains (psocsrad23A).
We analysed the UV induced change in gene expression
of the RNR pathway, Crtl-regulated and DNA damage
checkpoint response genes in each of these strains relative
to unirradiated cells. The resulting heat-map is shown in
Figure 5A and is expanded to show quantified transcript
levels from the microarray data of the genes shown. The
data for the psocs single mutant showing normal expres-
sion and UV induction are included in Supplementary Fig-
ure S1. The striking result from these analyses is that the
RNR pathway and Crtl regulated genes, including DUNI
and RNR2—4, which show evidence for being regulated by
the Rad4-Rad23 complex in the absence of UV (Figure 4,
lane 3), are also dependent on the GG-NER E3 ligase ac-
tivity for wildtype expression in response to UV radiation
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ure 2B. Cluster 2 is now highlighted to show the Stress Responsive Element
(STRE) containing genes and Crtl regulated genes affected in the mutant
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(compare Figure 5A, lanes 2 and 3, top panel). The UV in-
duced expression of RNR pathway genes observed in wild-
type (pRAD7) cells is significantly reduced in the E3 lig-
ase defective psocsrad23 A deleted strain to around 50-70%
of wildtype. The DUNI and RNRI genes encode activators
of the RNR pathway and the regulation of their expression
in response to UV damage is important (34). In contrast,
the DNA damage response genes, including MECI, TELI
and CHK]I in Figure 4, do not reveal a significant role for
Rad4-Rad23 or the GG-NER E3 ligase in the regulation of
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Figure 4. The Rad4-Rad23 complex is involved in gene regulation of RNR
pathway and Crtl regulated genes but not of genes belonging to the DDR.
Differentially expressed UV responsive genes from the rad4/rad23 data
set are shown in this heat-map grouped by RNR Pathway, DNA dam-
age checkpoint response and Crtl regulated genes. Gene expression is dis-
played as the fold-change in relation wildtype cells (-2 to 2-fold).

expression of these genes (see Figure 5A, bottom panel). It
appears that UV induced RAD53 expression might be reg-
ulated by the GG-NER E3 ligase (Figure 5A, lane 3). How-
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Figure 5. The GG-NER E3 ligase regulates UV induced gene expression in concert with Rad4-Rad23. (A) Quantitative representation of a selection of
the genes shown in Figure 4 but now showing the UV induced changes to gene expression in the pRAD7 and psocsrad23 A strains compared to untreated
cells. (B) Northern blot analysis of gene expression at the mRNA levels of candidate genes scored in the microarray analysis. RNA was extracted from the
strains indicated and the blot was treated with probes for DUNI, RNRI, SMLI, DDR2 and ACT]I as a loading control.

Table 1. Quantitative analysis of gene expression as determined by north-
ern blotting for genes shown in figure 5A & B

PRAD7 induction psocsrad23 A induction
Gene level level
RNRI 11.2 <1
RNR2 9.7 5.1
RNR3 19.5 10.2
RNR4 22.3 14.7
CRTI 243 26.0
SMLI 1.8 9.3
DUNI 35.3 5.3
PDSI <1 <1
MECI <l <1
RADS3 7.0 <1
RADY <1 <1

ever, it should be noted that increased R4 D353 expression is
also observed in the psocsrad23 A mutant in untreated cells
(Figure 5A lane 1 and Supplementary Figure S1 lane 1).
This indicates that RADS53 expression is elevated in the ab-
sence of UV damage due to loss of Rad23. This likely ex-
plains the lack of R4AD53 induction in response to UV dam-
age. The expression of other DDR genes such as R4D9 and
RADS5I, are not significantly affected by Rad4-Rad23 or
the GG-NER E3 ligase in response to UV (Figure 5A).

To confirm the microarray results, we performed north-
ern blotting to detect RNA levels in the strains shown.
Quantification of northern blot data for all genes listed in
Figure 5A is shown in the Table 1. Figure 5B confirms
the requirement for the GG-NER E3 ligase in upregulat-
ing both DUNI and RNRI in response to UV radiation as
expected. This further emphasizes the role for Rad4-Rad23
and the GG-NER E3 ligase activity in the regulation of UV
induced RNR and DUNI gene expression.

We also noted that in psocsrad23 A cells, UV irradiation
results in elevated levels of SMLI gene expression (Fig-

ure SA and B). Smllp is an inhibitor of the RNR enzyme
complex and is degraded in response to DNA damage, thus
activating the RNR enzyme (35,36). The increased expres-
sion of SMLI in this strain following UV may further in-
hibit the conversion of NTPs to dNTPs by the RNR path-
way.

Rad4-Rad23 complex gene promoter binding inhibits tran-
scription of UV responsive DDR genes

In an unirradiated rad4Arad23 A double mutant strain, in-
creased gene expression observed for genes in cluster 2 mim-
ics the UV induced increase in expression of these genes
observed in wildtype cells (Figure 2B and C), albeit to a
lesser extent. Intriguingly, recent evidence in mouse em-
bryonic stem cells has revealed that XPC-RAD23B, the
mammalian homologs of Rad4-Rad23, can regulate gene
expression of specific developmental genes as a result of
changes in the binding of the complex to transcription fac-
tors bound at regulatory elements in the promoter regions
of these genes. This suggests a direct role for XPC-RAD23B
in regulating gene transcription (29). These observations,
together with the presence of STRE sequences in cluster 2
genes, prompted us to speculate that the Rad4-Rad23 het-
erodimer might also regulate UV induced gene transcrip-
tion via direct or indirect binding of the complex to regu-
latory elements within the promoter regions of the UV re-
sponsive genes identified in Figure 3 (right panel). To ex-
amine this, we measured the occupancy of the Rad4-Rad23
heterodimer in the regulatory regions of the STRE element
containing genes DDR2 and DUNI, using chromatin im-
munoprecipitation (ChIP) and quantitative PCR. As shown
in Figure 6A, we found that in unirradiated cells, the Rad4—
Rad23 complex occupies the chromatin in the promoter re-
gion of DDR2. Figure 6A (top panel) indicates the location
of three different sets of PCR primers in the proximity of
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Figure 6. GG-NER E3 ligase dependent Rad4-Rad23 interaction with the
promoter regions of the UV induced genes DUNI and DDR2. (A) ChIP-

the DDR?2 transcription start site. The lower panel of Fig-
ure 6A shows that the highest level of occupancy of Rad23
following ChIP is detected in the region of the STRE con-
taining promoter element as measured by the DDR2 STRE
PCR primer set compared to two other primer sets located
either 1kb upstream of the ORF [DDR2—-1k] or downstream
from the DDR2 promoter [DDR2+1k].

We confirmed that Rad23 binds specifically at the STRE
containing promoter region of the DDR2 gene by examin-
ing Rad23 binding in the promoter region of the GPGI gene.
GPGI expression is affected by Rad4-Rad23 as shown in
Figure 3 (right panel), but does not contain an STRE ele-
ment in its promoter sequence. No enrichment for Rad23 in
the regulatory region of GPGI was detected (Figure 6E).

To examine the occupancy of both Rad4 and Rad23 in
unirradiated cells at the promoter of DDR2 and DUNI,
we performed a double ChIP experiment, first perform-
ing chromatin immunoprecipitation using Rad23 antibod-
ies, followed by a second IP using Rad4 antibodies. Fig-
ure 6B confirms the occupancy of both Rad4 and Rad23 at
the promoter regions of the DDR?2 [left panel] and DUNI
genes [right panel], indicating that they bind to the chro-
matin in the promoter region of these genes as a complex in
the absence of DNA damage.

Next we examined the occupancy of the Rad4-Rad23
complex at the promoter regions of DDR2 and DUNI in
response to UV radiation. Figure 6C shows the loss of oc-
cupancy of Rad23 from the promoter region of both DDR2
and DUNI following UV irradiation during a 2 h period.
Our results demonstrate that the UV induced loss of occu-
pancy of Rad4-Rad23 from the promoter regions of the UV
responsive genes DDR2 and DUNI, corresponds with an in-
creased expression of these genes after exposure of cells to
UV radiation as described earlier.

We then considered how the loss of occupancy of Rad4—
Rad23 from the promoter regions of these genes is regulated
in response to UV. Ubiquitination of Rad4 by the GG-NER
E3 ligase plays an important role in NER and UV survival
in a manner dependent on de novo protein synthesis (4). Fur-

qPCR data of Rad23 interaction with the DDR2 promoter. Rad23 anti-
bodies were used to immunoprecipitate chromatin bound Rad23. Primer
sets covering the STRE and areas 1kb upstream [DDR2-1k] and down-
stream [DDR2+1k] of the STRE of DDR2 were used to quantify the rela-
tive enrichment of Rad23 (top panel). Rad23 protein occupancy at DDR2
in absence of UV irradiation is shown in the lower panel, relative to the
ChIP performed on RAD23 deleted cells as a control. (B) Rad23 ChIP
was subjected to a second round of IP detecting Rad4 as part of the com-
plex interacting with the DDR?2 (right panel) and DUN! promoters (left
panel). (C) Rad4-Rad23 interacts with the DDR2 and DUNI promoters
in response to UV. ChIPs were performed of untreated and UV irradiated
chromatin from wildtype cells at different times after UV irradiation. (D)
Rad4-Rad23 occupancy at the DDR2 promoter in a GG-NER E3 ligase
mutant. As panel (C) but for psocs cells showing no loss of occupancy of
the Rad4-Rad23 complex from the DDR2 promoter region. (E) Rad4-
Rad23 does not interact with the GPGI gene promoter. The ChIP-qPCR
experiment was performed using Rad23 antibody on wildtype and rad23 A
chromatin. qPCR analysis of the GPGI gene promoter was performed and
shows no enrichment compared to background levels detected ina RAD23
deficient strain. The Rad23 enrichment is relative to the background of the
ChIP in RAD23 deletion extracts set to unity. Data shown here are the av-
erage of three independent experiments with the standard deviation indi-
cated by the error bars.
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thermore, here we identify a role for the GG-NER E3 ligase
in UV induced gene transcription (Figure 5). We speculated
that this E3 ubiquitin ligase regulates the induction of UV
responsive genes by controlling the occupancy of the Rad4—
Rad23 complex at their promoter regions in response to
DNA damage. To test this hypothesis, we measured Rad23
occupancy at the promoter of the DDR2 gene in a mutant
of the GG-NER E3 ligase. We examined events in strains ei-
ther mutated in the SOCS-box domain of the Rad7 subunit
or deleted for the ELCI subunit of the E3 ligase (data not
shown). Both strains fail to ubiquitinate Rad4 in response
to UV radiation (4). We show that, in contrast to wildtype
cells, no loss of occupancy occurs for the Rad4-Rad23 from
the DDR2 promoter in response to UV damage in the psocs
mutated strain (Figure 6D). Failure of these strains to ubig-
uitinate Rad4 in response to UV prevents the loss of oc-
cupancy of the Rad4-Rad23 complex from the promoter.
Therefore, GG-NER E3 ligase activity promotes dissocia-
tion of Rad4-Rad23 from the promoter after DNA damage,
enabling gene expression.

In summary, our results show that in wildtype cells the
Rad4-Rad23 complex can act as a repressor of transcrip-
tion of the RNR genes by binding to the chromatin at their
promoter regions. Following UV irradiation, the Rad4—
Rad23 complex is lost from the promoters of these genes
in a GG-NER E3 ligase dependent fashion, facilitating the
induction of gene expression.

The GG-NER E3 ligase promotes increased levels of cellular
dNTPs in response to UV damage

The results described suggest that the GG-NER E3 lig-
ase regulates the expression of RNR pathway genes, which
control cellular ANTP pools. To ascertain whether this is
the case, we measured the cellular ANTP levels of wildtype
(pRAD7) and GG-NER E3 ligase mutated (psocsrad23 A)
strains. We measured average dNTP/NTP ratios, which are
indicative of the activity of the RNR pathway, and as ex-
pected found similar dNTP levels for the wildtype (pRAD7)
and E3 ligase mutated psocs, and psocsrad23 A strains in the
absence of UV irradiation (Figure 7A, —UYV), in agreement
with our microarray gene expression data (Figure 5A, lane
1). As anticipated, following DNA damage after UV irradi-
ation, the average increase in overall dNTPs 2 h later is read-
ily detectable in both pRA D7 and psocs strains (Figure 7A,
+UYV). However, in contrast, the psocsrad23 A double mu-
tant strain exhibits lower levels of UV induced dNTP/NTP
ratios. To determine whether constitutively activating the
RNR pathway by deleting the SMLI inhibitor of the
RNR complex might rescue this phenotype, we created the
psocsrad23 Asmll A strain. As expected we found that the
dNTP/NTP ratio in the absence of UV is higher in this
strain due to loss of inhibition of the RNR complex (Fig-
ure 7A, —UV). Significantly, we observed that the reduced
dNTP levels observed in psocsrad23 A cells after UV irradia-
tion are rescued to wildtype levels when the RNR pathway
is constitutively activated in the psocsrad23 Asmll A strain
(Figure 7A, +UV). Therefore, the altered regulation of gene
expression observed in the psocsrad23 A strain affects the
UV induced regulation of the RNR pathway, resulting in

Nucleic Acids Research, 2015, Vol. 43, No. 15 7367

A UV +UV

-
N

o

dNTP/NTP [%]

Survival (%)
-~ 3 8

o
g
.

0.01 . . . kx psocsrad23A
0 5 10 15 20
J/im?

Figure 7. (A) The average ANTP/NTP increase in response to UV partly
depends on the GG-NER E3 ligase in a R4 D23 deletion background. Con-
comitant deletion of SMLI increases the dNTP pool to wildtype level.
PRAD?7, psocs, psocsrad23 A and psocsrad23 Asmll A cells were collected
and each ANTP/NTP ratio in the presence or absence of UV irradiation
was determined by HPLC. The dNTP/NTP ratios depicted are an average
of the dCTP/CTP, dTTP/TTP, dATP/ATP and dGTP/GTP ratios as a
measure of the cellular ANTP pool for each strain in triplicate. The error
bars represent the SEM. (B) The UV sensitivity due to altered gene expres-
sion in psocsrad23 A mutants can be rescued by derepressing dNTP synthe-
sis. UV survival curves of psocsrad23 A strains rescued by deleting SML1
are displayed here. Cells of the strains indicated were grown to log-phase
and treated with increasing doses of UV radiation. Survival is quantified
as colony-growth on YPD plates 2-3 days after UV treatment.

reduced dNTP levels observed in response to DNA dam-
age.

The GG-NER E3 ligase promotes UV survival by regulating
cellular ANTP pools

In order to examine the physiological role of UV induced
dNTP pool regulation, we investigated its effect on UV sur-
vival. As shown previously, the UV sensitivity of the dou-
ble mutant (psocsrad23A) is significantly greater than the
rad23 A single mutant, while the single psocs mutant is not
UV sensitive (4). Based on our results we reasoned that the
extreme UV sensitivity of psocsrad23 A cells could be caused
in part by the failure to upregulate the expression of the
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RNR genes, which results in reduced dNTP production fol-
lowing UV irradiation. Therefore, as described in the pre-
vious section, we attempted to rescue the UV sensitivity of
the psocsrad23 A strain by constitutively increasing the cel-
lular ANTP pools. Therefore we measured UV survival in
the psocsrad23 Asmll A strain. Figure 7B shows that upreg-
ulation of dNTP pools in this strain does indeed rescue the
UV sensitivity of the psocsrad23 A double mutant. This re-
sult confirms that a defective RNR pathway in the absence
of GG-NER E3 ligase activity causes the increased UV sen-
sitivity of psocsrad23 A cells.

DISCUSSION

Cells exposed to DNA damaging agents activate a DNA
damage response that allows cells to halt cell-cycle progres-
sion, permitting time to repair the damage. Signalling cas-
cades involving post-translational modifications of key reg-
ulatory proteins and an extensive DNA damage-induced
gene expression programme are processes that underpin this
response. It is the interplay between these networks that
provide the cell with the opportunity to successfully com-
plete DNA repair and enhance its survival following DNA
damage. Current understanding of the DDR and the acti-
vation of signalling have mainly been concerned with signal
processing within the cascade of protein kinases. However,
much less is known about the regulation of gene expression,
which ensures the timely production of the proteins that
comprise the DDR. Here we describe a mechanism whereby
core NER factors directly inhibit the expression of specific
DDR genes until their UV-induced removal from the reg-
ulatory regions of these genes, ensuring the appropriately
timed production of key DDR proteins and the dANTP pools
they regulate.

Using microarray gene expression profiling to determine
the effect of Rad4-Rad23 and the GG-NER E3 ligase on
gene expression in response to DNA damage, we identified
a group of genes which are upregulated in response to UV
radiation in wildtype cells, and that require Rad4-Rad?23 for
their inhibition in the absence of DNA damage. This sug-
gests that in undamaged wild type cells, Rad4-Rad23 acts
as a repressor of these genes, which become activated in re-
sponse to exposure of cells to UV radiation. Examination
of this group of genes revealed STRE containing and Crtl
regulated genes of the RNR pathway. Using a similar ap-
proach, we also identified which of these genes are specifi-
cally regulated by the GG-NER E3 ligase via its ubiquiti-
nation of Rad4 in response to UV radiation. In summary,
the UV induced control of RNR pathway gene expression is
misregulated in the absence of this E3 ubiquitin ligase activ-
ity due to reduced DUNI and RN R2—4 gene expression and
increased expression of SMLI; the RNR enzyme complex
inhibitor (Figure 8).

We next considered how the Rad4-Rad23 complex con-
trols gene expression by examining its binding to chromatin
at the promoter regions of these genes. To investigate this,
we measured the occupancy of the Rad4-Rad23 complex
at the promoters of these STRE containing genes, includ-
ing DUNI and DDR2, using ChIP and qPCR. Because our
experiments examine protein interactions in chromatin, we
are not able to determine whether the Rad4-Rad23 com-

plex binds directly to the STRE in the gene promoter, or
indirectly to the element via the binding of another tran-
scriptional regulator present in the vicinity of the STRE.
It is noteworthy that the interaction of the mouse XPC-
RAD23B complex to the promoters of the Oct4-Sox2 regu-
lated genes is thought to occur indirectly via protein-protein
interaction between the NER complex and Oct4-Sox2 (29).
Nevertheless, the results of our experiments explain the
function of the GG-NER E3 ligase in controlling the Rad4—
Rad23 dependent gene expression of these genes. In the ab-
sence of UV damage, we found that Rad4-Rad23 binds to
the STRE containing promoter regions and in response to
UV radiation, ubiquitination of Rad4 by the GG-NER E3
ligase promotes the dissociation of Rad4-Rad23 from the
gene promoters. Loss of occupancy of Rad4-Rad23 from
the promoter is necessary but not sufficient for full activa-
tion of the UV induced genes investigated.

In addition to DUNI and DDR2 we noted that other
genes have similar expression profiles, raising the possibil-
ity that these genes also influence dNTP synthesis in a man-
ner yet to be determined. Our findings are consistent with
the model shown in Figure 8 in which Pathway II regulates
the expression of genes including DUNI, a key regulator in
the control of the RNR pathway downstream of the central
spine of the Mec1-Rad53 signalling pathway. The GG-NER
E3 ligase-mediated UV-induced gene transcription regula-
tion promotes the production of the downstream factors
required by the DDR, by increasing DUNI and RNR2—4
gene expression following DNA damage. This ensures suf-
ficient production of the protein targets for the upstream
members of the DDR signalling pathway to act on (see Fig-
ure 8). Activation of the DDR signalling pathway, includ-
ing Rad53 phosphorylation, is known to be dependent on
some level of functional NER. Significantly, the DDR can
be triggered in a rad7 A GG-NER mutant, which is partially
defective in NER, but not in rad2 A or radl4 A deleted cells
where NER is completely defective (33). This result is con-
sistent with our observations, which show that the gene ex-
pression regulated by the GG-NER E3 ligase involves genes
acting downstream of Mecl and Rad53. Furthermore, our
data also confirm previous findings (33) that gene expres-
sion of the DDR pathway is not constitutively activated in
the absence of UV damage when NER function is deleted
(see Figure SA, left panel). This eliminates the possibility
that our observations are due to the constitutive activation
of the DDR pathway in the absence of damage in RAD4,
RAD?23 deleted cells.

Our analysis focuses on the role of Rad4-Rad23 in re-
pressing a subset of UV responsive genes. However, we also
identified a group of UV inducible genes that require Rad4—
Rad?23 for their activation (cluster 1, Figure 2A and B), in-
dicating that the complex may also be an activator of gene
expression, consistent with a recent report (28,29). This im-
plies that Rad4-Rad23 may have both positive and negative
effects on gene expression.

Our results provide a novel mechanism by which the nu-
cleotide excision repair pathway integrates with the DDR,
and demonstrates how core NER factors also regulate the
production of dNTPs, the raw materials required for en-
hanced UV survival. The common initiating event for DDR
induction is DNA damage sensing that triggers signalling.
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Figure 8. A model for Rad4-Rad23 and GG-NER E3 ligase function in DDR signalling and dNTP synthesis. The top left side and top middle panel of the
figure shows the redundant two-pathway NER system as previously described (4). Pathway I involves Rad23 and the 19S proteasome that control NER
independently of de novo protein synthesis, while Pathway II involves Rad4 ubiquitination by the GG-NER E3 ligase that regulates the gene expression
of DUNI and DDR?2 and other genes described in this study. Ubiquitination of Rad4 (left panel) drives dissociation of the Rad4-Rad23 complex from
the promoter region of STRE containing genes. DUNI is shown as an example. This loss of occupancy promotes increased gene expression. This example
is specific for the STRE containing DUNI gene and other genes from cluster 2 in Figure 3. Rad4-Rad23 binding in the vicinity of the STRE may be
direct or indirect. The central signalling cascade of Mecl-Rad53-Dunl is represented in the middle section, including the RNR pathway as an important
end-point in the bottom right panel. In response to DNA damage Crtl is hyperphosphorylated by activated Dunl. Derepression of the RNR genes by
Rad4-Rad23 and Crtl results in enhanced expression of these genes and subsequent increase of the cellular ANTP pools. The transcription response of
DUNI and RNRI—4 provides downstream substrates for the DDR signalling pathway. How pathway 11 is activated in response to DNA damage remains
to be determined.
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